McCoy PA, McMahon LL. Muscarinic receptor-dependent longterm depression in rat visual cortex is PKC independent but requires ERK1/2 activation and protein synthesis. J Neurophysiol 98: [1862] [1863] [1864] [1865] [1866] [1867] [1868] [1869] [1870] 2007 . First published July 18, 2007; doi:10.1152 /jn.00510.2007 . Intact cholinergic innervation of visual cortex is critical for normal processing of visual information and for spatial memory acquisition and retention. However, a complete description of the mechanisms by which the cholinergic system modifies synaptic function in visual cortex is lacking. Previously it was shown that activation of the m1 subtype of muscarinic receptor induces an activity-dependent and partially N-methyl-D-aspartate receptor (NMDAR)-dependent longterm depression (LTD) at layer 4 -layer 2/3 synapses in rat visual cortex slices in vitro. The cellular mechanisms downstream of the G␣q coupled m1 receptor required for induction of this LTD (which we term mLTD) are currently unknown. Here, we confirm a role for m1 receptors in mLTD induction and use a series of pharmacological tools to study the signaling molecules downstream of m1 receptor activation in mLTD induction. We found that mLTD is prevented by inhibitors of L-type Ca 2ϩ channels, the Src kinase family, and the mitogen-activated kinase/extracellular kinase. mLTD is also partially dependent on phospholipase C but is unaffected by blocking protein kinase C. mLTD expression can be long-lasting (Ͼ2 h) and its long-term maintenance requires translation. Thus we report the signaling mechanisms underlying induction of an m1 receptor-dependent LTD in visual cortex and the requirement of protein synthesis for long-term expression. This plasticity could be a mechanism by which the cholinergic system modifies glutamatergic synapse function to permit normal visual system processing required for cognition.
I N T R O D U C T I O N
Cholinergic innervation of visual cortex is essential for normal processing of visual stimuli required for vision dependent learning, such as face recognition and certain spatial memory tasks (Bentley et al. 2004; Mayo et al. 1988; Sato et al. 1987a,b) . Acetylcholine (ACh) released in visual cortex in response to visual stimuli, as well as exogenous application of ACh, causes an increase in cellular activity for optimal stimulus orientation (Fournier et al. 2004; Himmelheber et al. 2000; Laplante et al. 2005) ; this cholinergic dependent neuronal activation occurs through muscarinic acetylcholine receptors (mAChRs) (Sato et al. 1987b) . In visual cortex, mAChR activation is also responsible for synchronizing neuronal activity, which has been implicated in associative and perceptual learning (Gruber et al. 2001 (Gruber et al. , 2002 Miltner et al. 1999 ) and in short-term memory (Rodriguez et al. 2004; Tallon-Baudry et al. 1998) . Furthermore, mAChRs mediate rapid changes in visual cortical excitability in human visual cortex induced by periods of light deprivation (Boroojerdi et al. 2001) , which may be explained by the ability of mAChRs to reduce K ϩ channel currents, thereby directly controlling neuronal excitability (McCormick et al. 1993) .
To further support a role for ACh in visual system processing, depletion of this neurotransmitter by lesioning nucleus basalis magnocellularis (NbM), the origin of cholinergic innervation to visual cortex (Wenk et al. 1980) , causes decreased responses and selectivity to all visual stimuli (Sato et al. 1987a) and impairs visually oriented learning and memory in animal models (Hepler et al. 1985; Mayo et al. 1988) . Moreover, in humans, blocking mAChRs impairs performance in visual memory tasks, such as face recognition (Drachman and Leavitt 1974; Thiel et al. 2002) . Such effects mimick some of the deficits in Alzheimer's patients, in whom loss of the NbM cell population results in both visual disturbances and spatial memory deficits (Bodick et al. 1997; Dunnett and Fibiger 1993; Perry et al. 1999; Whitehouse et al. 1982) . Thus it is clear that the cholinergic innervation in visual cortex is critical for normal cognitive processing.
Long-term modulation of synaptic efficacy is believed to be a cellular substrate of learning and memory (Malenka and Bear 2004; Whitlock et al. 2006) . Long-term changes in synaptic strength mediated by cholinergic receptor activation may explain the cholinergic dependence of normal learning and memory in visual cortex. Activation of G␣q-coupled m1 receptors induces an activity dependent and partially N-methyl-D-aspartate (NMDA) receptor (NMDAR)-dependent long-term depression (LTD) at layer 2/3 synapses in acute rat visual cortex slices (Kirkwood et al. 1999) . However, the signaling cascade downstream of m1 receptor activation required for LTD induction has not been defined. The goal of this study is to identify the signaling molecules involved and the role of protein synthesis in the induction, expression, and maintenance of this plasticity.
M E T H O D S
Experiments were conducted with an approved protocol from the University of Alabama at Birmingham Institutional Animal Care and Use Committee, in compliance with National Institutes of Health guidelines.
anesthetized by inhalation with isoflurane and decapitated. Coronal slices (400 m) from visual cortex were cut using a vibratome in high sucrose artificial cerebrospinal fluid (ACSF; in mM): 85 NaCl, 2.5 KCl, 4 MgSO 4 , 0.5 CaCl 2 , 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 glucose, 75 sucrose, 2 kynurenic acid, and 0.5 ascorbate. After a 30-min incubation in the high sucrose aCSF, slices were stored in standard ACSF (in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl 2 , 1.3 MgSO 4 , 1 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose (pH 7.4), containing 2 mM kynurenic acid. Slices were transferred to a submersion recording chamber and perfused with oxygenated ACSF without kynurenic acid at 27-30°C at a rate of 3-4 ml/min. Extracellular field potentials in layer 2/3 were recorded with an Axopatch 200B amplifier (Molecular Devices). A stainless steel bipolar stimulating electrode (FHC, Bowdoinham, ME) was placed in layer 4, and a glass microelectrode filled with 2 M NaCl was placed in layer 2/3 to record extracellular field potentials. The stimulus duration was set at 0.1 ms, and the stimulus intensity was adjusted to yield a baseline field postsynaptic potential (fPSP) of 0.3-0.6 mV. Synaptic events were collected at 0.1 Hz. The peak amplitude of the synaptic response was measured and plotted versus time, each point representing the average of five consecutive data points. Data were acquired and stored using custom software written in Labview (gift from Richard Mooney, Duke University). Data are presented as mean Ϯ SE. Statistical significance was determined using Student's unpaired or paired t-test where appropriate, and results were considered significant at P Ͻ 0.05. Only experiments with Ͻ5% change in the original baseline were included in the analysis.
After acquisition of a stable baseline of transmission (Ն20 min), mLTD was induced using a 10-min bath application of 50 M carbachol (CCh), consistent with procedures previously published (Kirkwood et al. 1999; , unless stated otherwise. Antagonists were bath applied Ն10 min before CCh application.
The magnitude of the LTD induced was measured either at 35 or 115 min after agonist removal.
Chemicals
All drugs were made as 1,000 fold stock solutions in water or DMSO and diluted immediately before use. All drugs were obtained from Sigma (St. Louis, MO), except CCh, U0126, actinomycin D, and U73122, which were acquired from Calbiochem (La Jolla, CA); rapamycin, which was acquired from Cell Signaling Technology (Danvers, MA); MTx-7, which was acquired from Peptides International (Louisville, KY); and PP2, which was acquired from Tocris (Ellisville, MO).
R E S U L T S

Activation of muscarinic m1 receptors induces LTD at layer 2/3 synapses in rat visual cortex
In this study, we used extracellular fPSP recordings in layer 2/3 generated by layer 4 stimulation in acute visual cortex slices to investigate the cellular mechanisms underlying CChinduced LTD (Kirkwood et al. 1999) . LTD was induced using a 10-min bath application of 50 M CCh, a protocol adopted from Kirkwood et al. (1999) . This protocol elicits a transient depression of the fPSP during drug application (64 Ϯ 5% of baseline), followed by a long-lasting depression after agonist washout that lasted for the duration of the experiment (Fig. 1 , A and B; 77 Ϯ 3% of baseline fPSP amplitude, n ϭ 8, P Ͻ 0.05). To determine if the transient depression and the longlasting depression are of pre-or postsynaptic origin, the paired pulse ratio (PPR) was analyzed. A change in PPR is usually an FIG. 1. Muscarinic long-term depression (mLTD) requires activation of m1 receptors. A: representative example and (B) summary data showing that application of the cholinergic agonist carbachol (CCh, 50 M, 10 min) elicits an acute depression during agonist application followed by a long-term depression after agonist washout that lasts the duration of the recording (n ϭ 8). C: CCh application causes a transient change in the paired pulse ratio (PPR) that returns to baseline during mLTD expression (n ϭ 8). D: application of 50 M CCh for 3 min is sufficient to induce LTD (n ϭ 6). E: CCh-induced LTD is prevented by 1 M atropine, a nonselective mAChR antagonist (n ϭ 4). F: mLTD is inhibited by 75 nM pirenzepine (Pirenz), an m1 receptor antagonist (n ϭ 5). G: mLTD is prevented by 100 nM MTx-7 toxin, an m1 receptor antagonist [control (Ctl), n ϭ 7; MTx-7, n ϭ 9]. H: bar chart shows summarized data. Asterisk indicates statistical significance, P Ͻ 0.05. Waveforms are averages of 20 events taken from 5 min before and 35 min after agonist application. Scale bar, 0.5 mV, 10 ms.
indicator of a presynaptic locus of expression, whereas no change is an indicator of a postsynaptic locus (Dobrunz and Stevens 1997) . Analysis shows a change in PPR during CCh application, indicating a transient presynaptic depression of glutamate release consistent with previous reports (Kimura and Baughman 1997; Mrzljak et al. 1993 ), but not during expression of the long-lasting depression ( Fig. 1C ; 107 Ϯ 4% of baseline PPR, n ϭ 8, P Ͼ 0.05), suggesting that a postsynaptic expression mechanism underlies the LTD. To determine the threshold duration of CCh application needed to induce LTD, we applied CCh for different lengths of time. The threshold lies between 2 and 3 min, because a 2-min application of CCh is insufficient to induce LTD (data not shown), whereas a 3-min application induces LTD ( Fig. 1D ; 80 Ϯ 1% of baseline fPSP amplitude, n ϭ 6, P Ͻ 0.05). However, to study signaling mechanisms underlying this LTD, we used the 10-min application of CCh. To confirm that the CCh-induced LTD measured at synapses in layer 2/3 requires activation of muscarinic acetylcholine receptors (mAChRs) rather than nicotinic acetylcholine receptors (nAChRs), the nonselective mAChR antagonist atropine was applied at 1 M, a concentration that blocks all mAChR subtypes. Both the transient depression during CCh application and the subsequent LTD were completely prevented ( Fig. 1E ; 97 Ϯ 2% of baseline fPSP amplitude in atropine, n ϭ 4, P Ͻ 0.05 compared to without atropine). Our laboratory has characterized a similar LTD in hippocampus that is dependent on mAChRs and has termed the plasticity muscarinic LTD (mLTD) . Activation of the m1 receptor subtype is required for induction of mLTD because it is prevented by the antagonist pirenzepine at a concentration selective for m1 receptors (75 nM) (Marino et al. 1998) (Fig. 1F ; 98 Ϯ 6% of baseline fPSP amplitude in pirenzepine, n ϭ 5, P Ͻ 0.05 compared to without pirenzepine), and it can be significantly decreased by preincubation (Ͼ1 h) with the highly selective and irreversible m1 receptor antagonist MTx-7 toxin ( Fig. 1G ; 88 Ϯ 3% of fPSP baseline in 100 nM MTx-7 toxin, n ϭ 9, vs. 74 Ϯ 3% baseline fPSP amplitude in interleaved controls, n ϭ 7, P Ͻ 0.05). Together, these data indicate that mLTD induction requires activation of the m1 subtype of mAChRs.
mLTD induction does not require a change in inhibition or activation of NMDARs but does require presynaptic activity and activation of L-type Ca 2ϩ channels
Because the fPSP is a result of activation of both inhibitory and excitatory synapses, we next determined whether mLTD is a consequence of depression of excitatory transmission rather than an increase in inhibitory transmission. To study a potential role of synaptic inhibition in mLTD, we bath applied the GABA A antagonist picrotoxin (100 M) and attempted to induce mLTD. The mLTD magnitude was not different in picrotoxin compared to control, indicating that the depression of the fPSP is not a result of increased inhibitory transmission ( Fig. 2A ; 75 Ϯ 5% of baseline fPSP amplitude n ϭ 6, vs. 77 Ϯ 3% of baseline amplitude in control slices n ϭ 8; P Ͼ 0.05).
To confirm that mLTD requires presynaptic activity as shown previously (Kirkwood et al. 1999) , stimulation was halted during CCh application and resumed 3 min after to allow sufficient washout of the agonist from the recording chamber. Using this protocol, mLTD induction was prevented ( Fig. 2B ; 100 Ϯ 2% of baseline fPSP amplitude, n ϭ 5, vs. 78 Ϯ 1% of baseline amplitude in interleaved control slices, n ϭ 6, P Ͻ 0.05), indicating that presynaptic activity is required. Although mLTD induction was previously reported to be partially dependent on NMDAR activation (Kirkwood et al. 1999), we found that mLTD induction is completely unaffected by the NMDAR antagonist D,L-2-amino-5-phosphopentanoic acid (APV; Fig. 2C ; 78 Ϯ 4% of baseline fPSP amplitude in 100 M APV, n ϭ 9, vs. 74 Ϯ 6% of baseline fPSP amplitude in interleaved control slices, n ϭ 6, P Ͼ 0.05). Because most forms of long-term synaptic plasticity at glutamate synapses, including electrically induced LTD at synapses in visual cortex, require a rise in postsynaptic Ca 2ϩ for induc- tion (Brocher et al. 1992; Ismailov et al. 2004) , we next tested whether activation of L-type Ca 2ϩ channels is required. Consequently, we found that blocking L-type channels with 10 M nifedipine prevented mLTD induction ( Fig. 2D ; 102 Ϯ 2% of baseline fPSP amplitude in nifedipine, n ϭ 6, vs. 79 Ϯ 2% of baseline fPSP amplitude in interleaved control slices, n ϭ 6, P Ͻ 0.05). Together, these data showed that mLTD does not result from a change in inhibition, is activity dependent, is NMDAR independent, and requires activation of L-type Ca 2ϩ channels.
mLTD induction is partially dependent on phospholipase C activation but is independent of PKC m1 receptors couple to the G protein Gq, which stimulates phospholipase C (PLC), resulting in cleavage of phosphatidylinositol (4,5)-bisphosphate (PIP 2 ) into diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3), leading to activation of protein kinase C (PKC) or release of Ca 2ϩ from intracellular stores, respectively. Application of 10 M U73122, a PLCspecific antagonist, modestly but significantly inhibited mLTD induction ( Fig. 3A ; 85 Ϯ 2% of baseline fPSP amplitude in U73122, n ϭ 10, P Ͻ 0.05, vs. 71 Ϯ 3% of baseline fPSP amplitude in interleaved control slices, n ϭ 7, P Ͻ 0.05), whereas application of chelerythrine, an inhibitor of PKC activity, was without effect ( Fig. 3B ; 70 Ϯ 7% of baseline fPSP amplitude in 10 M chelerythrine, n ϭ 8, vs. 77 Ϯ 3% of baseline fPSP amplitude in interleaved control slices, n ϭ 6, P Ͼ 0.05). These data indicate that mLTD induction is partially dependent on PLC activation but is independent of PKC activation.
Another signaling cascade downstream of m1-Gq coupling is activation of the Src family of tyrosine kinases (Chan et al. 2005) , which leads to the phosphorylation and activation of mitogen activated kinase/extracellular kinase (MEK), followed by phosphorylation and activation of extracellular signal-regulated kinases 1/2 (ERK1/2) (Rosenblum et al. 2000) . To determine if mLTD induction requires Src kinases, we examined the effects of an inhibitor of the Src family of kinases, PP2 (10 M). We found that PP2 completely blocked mLTD ( Fig.  4A ; 107 Ϯ 5% of baseline fPSP amplitude in PP2, n ϭ 7, vs. 74 Ϯ 5% of baseline fPSP amplitude in interleaved control slices, n ϭ 6, P Ͻ 0.05). We next studied whether ERK1/2 activation is required for mLTD induction using U0126 (20 M), a MEK inhibitor, and found that mLTD was completely prevented ( Fig. 4B ; 97 Ϯ 3% of baseline fPSP amplitude in 20 M U0126, n ϭ 7, vs. 78 Ϯ 4% of baseline fPSP amplitude in interleaved control slices, n ϭ 5, P Ͻ 0.05). [The time-course of the CCh-induced transient depression in both PP2 and U0126 appears truncated (also observed in nifedipine (Fig.   FIG. 3 . mLTD induction requires partial activation of phospholipase C (PLC) but does not require PKC activation. A: mLTD induction is partially blocked by the PLC inhibitor U73122 (10 M) in interleaved control experiments [control (Ctl) n ϭ 7, U73122 n ϭ 10]. B: mLTD induction is unaffected by the PKC inhibitor chelerythrine (10 M) in interleaved control experiments (control, n ϭ 6; chelerythrine, n ϭ 8). C: bar chart shows summarized data. Asterisk indicates statistical significance, P Ͻ 0.05. Waveforms are averages of 20 events taken from 5 min before and 35 min after agonist application. Scale bar, 0.5 mV, 10 ms.
FIG. 4. Induction of mLTD requires activation of Src kinases and extracellular signal-regulated kinases 1/2 (ERK1/2).
A: mLTD induction is blocked in the presence of the Src kinase inhibitor, PP2 (10 M) in interleaved control experiments [control (Ctl), n ϭ 6; PP2, n ϭ 7]. B: mLTD induction is prevented by the mitogen activated kinase/extracellular kinase (MEK) inhibitor U0126 (20 M), in interleaved control experiments (control, n ϭ 5; U0126, n ϭ 7). C: mLTD is unaffected by the mtor inhibitor rapamycin (20 nM) in interleaved control experiments [control, n ϭ 4; rapamycin (rap), n ϭ 5]. D: bar chart shows summarized data. Asterisk indicates statistical significance, P Ͻ 0.05. Waveforms are averages of 20 events taken from 5 min before and 35 min after agonist application. Scale bar, 0.5 mV, 10 ms. 2D); however, the amplitude of the depression in either drug is not different from CCh alone (74 Ϯ 5% in PP2, n ϭ 7, vs. 59 Ϯ 6% in control slices, n ϭ 6, P Ͼ 0.05 and 75 Ϯ 5% in U0126, n ϭ 7, vs. 71 Ϯ 2% in control slices, n ϭ 5, P Ͼ 0.05)]. Analysis of the PPR during CCh Ϯ PP2 or Ϯ U0126 is not different from CCh alone (data not shown; 113 Ϯ 4% in PP2, n ϭ 7, vs. 120 Ϯ 8% in control slices, n ϭ 6, P Ͼ 0.05 and 121 Ϯ 4% in U0126, n ϭ 7, vs. 119 Ϯ 7% in control slices, n ϭ 5, P Ͼ 0.05), suggesting that any change in time-course is most likely not a result of a presynaptic effect of PP2 or U0216 but rather a block of mLTD induction.
Because both Src and ERK1/2 have been shown to activate mammalian target of rapamycin (mTOR) (Karni et al. 2005; Tsokas et al. 2007) , which is required for certain forms of both long-term potentiation (LTP) and LTD (Banko et al. 2006; Tsokas et al. 2007 ), we wanted to determine if mTOR played a role in mLTD induction. Bath application of rapamycin (20 nM), an inhibitor of mTOR, had no affect on the mLTD amplitude, indicating that mTOR activation is not required ( Fig. 4C ; 85 Ϯ 4% of baseline fPSP amplitude in rapamycin, n ϭ 5, vs. 84 Ϯ 3% of baseline fPSP amplitude in interleaved control slices, n ϭ 4, P Ͼ 0.05). Together our findings show that PLC (in part), the Src family of kinases, and ERK1/2 are required for mLTD induction at synapses in layer 2/3 of visual cortex.
Long-term maintenance of mLTD requires synthesis of new proteins
Several forms of long-term plasticity, including LTD, have been shown to require translation for either their induction (Huber et al. 2000) or expression (Linden 1996; Sajikumar and Frey 2003) , and a requirement for protein synthesis has been indicated in long-term memory formation (Davis and Squire 1984; Kelleher et al. 2004 ). Therefore we next studied whether protein synthesis is required for mLTD induction and expression (up to 1 h) and/or for the long-term maintenance of mLTD expression (L-mLTD, lasting Ͼ1 h). To inhibit protein synthesis, anisomycin (25 M) was bath applied; in control experiments, this inhibitor had no effect on basal transmission (data not shown). Although there was no effect of protein synthesis inhibition on mLTD expression during the first hour after induction ( Fig. 5A ; 79 Ϯ 4% of baseline fPSP amplitude in anisomycin, n ϭ 8, vs. 78 Ϯ 3% of baseline fPSP amplitude in interleaved control slices, n ϭ 6, P Ͼ 0.05), the long-term maintenance of expression (Ͼ1 h; L-mLTD) is prevented when translation is inhibited with anisomycin from 20 min before to 35 min after agonist application ( Fig. 5B ; 100 Ϯ 4% of baseline fPSP amplitude in anisomycin, T ϭ 145, n ϭ 5, vs. 74 Ϯ 5% of baseline fPSP amplitude in interleaved control slices, n ϭ 8, P Ͻ 0.05). Our finding that protein synthesis is required for the long-term maintenance of mLTD led us to question whether new RNA synthesis also plays a role in the maintenance phase. To determine if this is the case, we preincubated slices in actinomycin D (25 M) for 30 -60 min before recording (Huber et al. 2000) . Blocking transcription had no effect on either the induction, expression, or the long-term maintenance of mLTD ( Fig. 5C ; 79 Ϯ 3% of baseline fPSP amplitude in actinomycin D, T ϭ 145, n ϭ 6, vs. 76 Ϯ 3% of baseline fPSP amplitude in interleaved control slices, n ϭ 4, P Ͼ 0.05).
D I S C U S S I O N
Previously, Kirkwood et al. (1999) reported that activation of m1 receptors induces LTD at synapses in layer 2/3 in acute slices of visual cortex. Here we extend these findings by showing that induction of mLTD requires activation voltagegated L-type Ca 2ϩ channels, the Src family of tyrosine kinases, ERK1/2, and is partially dependent on PLC. In addition, we show that mLTD can be long-lasting and that its maintenance requires new protein synthesis. which may or may not involve PKC activation, or a member of the family of Src kinases, or possibly some cooperation between these two pathways (Puente et al. 2000; Rosenblum et al. 2000) . Complete blockade of mLTD by a Src kinase inhibitor combined with the modest inhibition of LTD during blockade of PLC suggests that ERK1/2 activation may occur through convergence of these two pathways. However, because a significant level of LTD is still observed during PLC inhibition, our data suggest that the predominant pathway responsible for ERK1/2 activation involves Src kinases, with a limited requirement for PLC and no requirement for PKC. The partial requirement of PLC in mLTD induction we find in visual cortex is in contrast to mLTD we have observed at CA3-CA1 synapses (Scheiderer and McMahon 2004) , where only Src kinase and ERK1/2 are required. Our finding of a partial role for PLC in mLTD induction fits well with recent studies that showed that NMDAR-dependent LTD at synapses induced with low frequency stimulation (LFS-LTD) in layer 2/3 also requires PLC activation (Choi et al. 2005; Origlia et al. 2006) . Specifically, in studies by Origlia et al. (2006) , activation of PLC was reported to occur through stimulation of m1 receptors alone, whereas Choi et al. (2005) showed that PLC activation occurs through cooperative activation of several G␣q coupled receptors, specifically m1 receptors, ␣1 adrenergic receptors, and group I metabotropic glutamate receptors (mGluRs). Origlia et al. (2006) also found that blocking mAChRs with atropine was sufficient to block LFS-LTD, and we have made this same observation (upublished observations). On the other hand, Choi et al. (2005) found that inhibition of LFS-LTD required simultaneous blockade of mAChRs, mGluRs, and adrenergic receptors. Whether ERK1/2 activation is downstream of PLC activation or if the Src kinase family is also involved in LFS-LTD, similarly to mLTD, was not investigated in these studies. Although we show here that LTD at synapses in visual cortex induced by CCh application is not NMDAR dependent (which is in contrast to previous reports; ( Kirkwood et al. 1999) , our findings together with those of Choi et al. (2005) and Origlia et al. (2006) , showing that the requirement of PLC activation for LTD induction can be fulfilled through different Gq coupled receptors, suggest the possibility of a convergence of mechanisms activated by NMDARs with those activated by G␣q coupled receptors to induce LTD. In future studies, it will be important to determine whether saturation of LTD induced by LFS will occlude or prevent further LTD induced by pharmacological activation of m1 receptors, which should occur if the NMDAR-dependent and -independent mechanistic pathways converge downstream. Unlike our findings in visual cortex, our studies of mLTD at CA3-CA1 synapses in hippocampus showed that this LTD is NMDAR dependent and its induction can be occluded by prior saturation of LFS-LTD, which is also NMDAR dependent ).
Calcium influx is required for mLTD induction
Our findings that mLTD is prevented by blockade of L-type voltage-gated Ca 2ϩ channels (rather than by NMDARs) suggests that a rise in postsynaptic Ca 2ϩ is required for induction. How a role for L-type channels interfaces with signaling stimulated by m1 receptors is unknown and remains to be studied. We anticipate that the L-type channels required for mLTD induction are activated after AMPAR-mediated depolarization of the postsynaptic cell, perhaps together with a direct m1 receptor mediated postsynaptic depolarization. Previously, in visual cortex, it has been shown that activation of mAChRs on layer 2/3 pyramidal cells causes a reduction in both a slow Ca 2ϩ -activated K ϩ current and a voltage-dependent K ϩ current, resulting in a depolarization of the postsynaptic cell (McCormick et al. 1993) , although the mAChR subtype responsible was not identified. In other areas of the CNS, such as hippocampus and entorhinal cortex, m1 receptor activity specifically has been shown to depolarize the postsynaptic cell and modulate channel activity, controlling neuronal excitability (Klink and Alonso 1997; Muller et al. 1988) .
Protein synthesis and memory
Synthesis of new proteins is required for long-term memory in humans and in experimental animal models (Davis and Squire 1984; Idzikowski and Oswald 1983; Kelleher et al. 2004 ). This requirement has been shown for both induction and expression of various forms of LTD, both in vitro and in vivo, including those requiring NMDARs (Manahan-Vaughan et al. 2000; Sajikumar and Frey 2003) , mGluRs (Huber et al. 2000; Naie and Manahan-Vaughan 2005; Nosyreva and Huber 2005) , and in this study, m1 receptors. In many studies, expression of plasticity 1 h after induction requires new protein synthesis for its maintenance (Linden 1996; Sajikumar and Frey 2003) ; others have shown that transmission returns to baseline within minutes after termination of the inducing stimulus, when protein synthesis is prevented pharmacologically (Huber et al. 2000; Nosyreva and Huber 2005) . Not all forms of long-term plasticity, however, require protein synthesis for expression. For instance, the expression of mGluR-dependent LTD in neonatal rats, induced either by application of R, S-dihydroxyphenylglycine (DHPG) or using paired-pulse-LFS, is protein synthesis independent (Nosyreva and Huber 2005) . In addition, some forms of NMDAR-dependent LFS LTD induced in vitro (Huber et al. 2000) and AP4-induced mGluR LTD in vivo (Naie and Manahan-Vaughan 2005) do not require protein synthesis for their expression.
Although this study does not identify the proteins being translated that are required for long-term expression of mLTD, there are several candidates. It is unclear whether or not required proteins would undergo cap-dependent or cap-independent translation. A major pathway to cap-dependent translation is through mTOR, which according to our results is not involved in mLTD. However, ERK, which is required for mLTD, has also been implicated upstream of cap-dependent protein synthesis (Klann et al. 2004) , indicating that proteins involved could undergo cap-dependent protein synthesis. One potential protein is Arc/Arg3.1, which has been shown to be upregulated after activation of mAChRs and the downstream effector Src kinase (Teber et al. 2004) , and has also been shown to be capable of being translated in both a cap-dependent or cap-independent manner (Pinkstaff et al. 2001 ). In addition, Arc is involved in AMPAR internalization and implicated in keeping these receptors sequestered from the plasma membrane (Chowdhury et al. 2006; Shepherd et al. 2006 ) both of which are well-established mechanisms for LTD expression (Anwyl 2006; Malenka 2003) . Interestingly, Arc mRNA has been shown to rapidly localize to activated den-drites (Chowdhury et al. 2006) , further supporting a role in long-term expression of plasticity requiring protein synthesis. Additional possibilities are proteins that regulate CREB activity, because this molecule has been shown to be required for the long-term maintenance of cerebellar and hippocampal LTD (Ahn et al. 1999; Yang et al. 2003) and has been shown to be activated by mAChR stimulation (Zhao et al. 2003) . The potential role of Arc and/or CREB in long-term maintenance of mLTD awaits future study.
Cholinergic modulation, synaptic plasticity, and learning and memory
Cholinergic innervation is essential for learning and memory dependent on cortical function and plasticity. Deficits in cortical cholinergic function often cause substantial cognitive impairments (Perry et al. 1999; Sarter and Bruno 1998) , and mAChRs, specifically m1 receptors, have been implicated in cholinergic dependent cognitive processes (Anagnostaras et al. 2003; Bodick et al. 1997; Ghelardini et al. 1999; Sato et al. 1987a) . During disease states such as Alzheimer's disease (AD), Rett syndrome, and schizophrenia (Ladner et al. 1995; Liao et al. 2003; Mancama et al. 2003; Percy 1993; Satlin et al. 1997) , m1 receptor signaling is decreased, which is believed to be causal to memory deficits. In fact, recent studies have shown that m1 agonists relieve cognitive impairments, vocal outburst, and hallucinations associated with AD (Bodick et al. 1997; Fisher et al. 2003) . In rodents, knockdown or knockout of m1 receptors impairs memory formation (Anagnostaras et al. 2003; Caccamo et al. 2006; Ghelardini et al. 1999) , whereas in humans, infusion of muscarinic antagonists hinders memory driven tasks (Rosier et al. 1999) . Because mLTD requires activation m1 receptors, it may serve as a mechanism by which acetylcholine modulates learning and memory.
It has been reported that cholinergic neurotransmission is required in recognition memory (Warburton et al. 2003) , as well as in the induction of LFS-LTD in numerous areas of the CNS (Choi et al. 2005; Li et al. 2005; Origlia et al. 2006; Warburton et al. 2003) . Thus a form of LTD dependent on cholinergic modulation of synaptic function in visual cortex, such as mLTD, may be critical for normal learning and memory dependent on visual system processing. This idea is well supported by studies showing that cholinergic denervation of visual cortex causes deficits in both LTD (Kuczewski et al. 2005) and in learning and memory, specifically an impairment in acquisition and retention of visual discriminations (Barefoot et al. 2002 (Barefoot et al. 2000 Kesner et al. 1987) . The ability of m1 receptor activation to induce long-term synaptic depression at excitatory synapses seems to be a general mechanism by which the cholinergic system modulates glutamate synapses in many regions of the CNS (Kirkwood et al. 1999; Massey et al. 2001; ) and may explain the cholinergic requirement for normal learning, memory, and cognition. 
